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1. 考察了 SO42-/ZrO2 固体超强酸的前体 Zr(OH)4 的影响，提出了一种高效的制
备方法-双流沉淀法，验证了前体 Zr(OH)4 表面的非架桥羟基是影响与硫酸
结合生成 SO42-/ZrO2 固体超强酸重要因素，前体 Zr(OH)4 颗粒的大小，团聚
程度影响 SO42-/ZrO2 固体超强酸的活性。真空干燥，低温陈化有助于抑制前
体 Zr(OH)4 凝胶的团聚，得到颗粒较小，分布均匀的前体，并保留大量的非
架桥羟基，制备得到的 SO42-/ZrO2 固体超强酸的酯化反应催化活性较高。 
2. 考察了硫酸根的引入，硫酸浓度，浸渍量，煅烧温度的影响，结合表征 XRD，
TG，NH3-TPD 分析，发现具有 多硫酸浸渍量的 SO42-/ZrO2 固体超强酸晶
型基本全部呈 Zr(SO4)2结构，易吸水，易脱除 SO42-，具有离子键合的 H2SO4，
提高煅烧温度，可以稳定 SO42-，得到强酸性的 SO42-/ZrO2 固体超强酸。表
















Zr(SO4)2 晶体含量越少，直至以消失，四方 ZrO2 晶体为主的固体酸虽然仍
具有较大的酸性位数量和酸强度，但由于含硫量的大量减少而使催化性能
减弱，单斜晶体为主的 SO42-/ZrO2 固体超强酸基本没有催化活性。 
3. 提出了 SO42-/ZrO2 固体超强酸的形成模型。前体 Zr(OH)4 浸渍硫酸后，硫酸
的 H+电离与前体表面的非架桥羟基结合，形成离子键合的 Zr(SO4)2结构，


























The main component of biodiesel is the long-chain fatty acid methyl 
esters(FAME), which is a kind of green renewable energy and the excellent alternative 
fuel of traditional  petroleum diesel. However, the raw materials for preparing 
biodiesel always contain much free fatty acid(FFA), which should be removed by 
esterification. In this dissertation, solid superacid SO42-/ZrO2  has employed as 
catalyst for the esterification of FFA instead of H2SO4 and the esterifying agent is 
glycerol. Specifically, ZrO(NO3)2 and ZrOCl2  have been chosen as different zirconia 
sources for the preparation of the catalyst precursor. Then, we have studied the effect 
of introducing of SO42-, concentration of H2SO4, impregnant quantity, calcination 
temperature on the catalytic activity of the esterification. The formation model of 
superacid SO42-/ZrO2 is established basing on the characterations of XRD, SEM, TG, 
NH3-TPD, IR, Raman and so on. In order to research the best reaction technology to 
design the reaction route, we have also studied the effect of reaction temperature, ratio 
of alcohol and oil and reaction time on the esterification of FFA of mixture oil which 
blended lauric acid with soybean oil in the open-system and closed-system 
respectively. Then, the mixture oil of oleic acid and soybean oil in the closed system 
and butanol as azeotropic agent is used for the simulation of industrial production. 
The catalytic activity is improved in this catalytic system and the catalytic reaction 
distillation process could be applied for the design of new technological processes. 
In this dissertation, the main results are summarized as follows:  
1. We have investigated the effct of precursor Zr(OH)4 on solid superacid 
SO42-/ZrO2, established a new efficient method known as double flow 
precipitation, confirmed that the non-bridging hydroxyl groups on the surface of 
precursor is very important factor for the formation of SO42-/ZrO2, and the 
catalytic activity could be affected by the size of Zr(OH)4 particle and the 















helpful to inhibit the agglomeration, make precursor with smaller size and more 
homogeneous distribution, present more non-bridging hydroxyl groups, obtain 
the solid superacid SO42-/ZrO2 taking on higher catalytic activity. 
2. The effect of introducing of SO42-, concentration of H2SO4, impregnant quantity, 
calcining temperature on the catalytic activity of the esterification has been 
studied. The main crystal form of SO42-/ZrO2 with the largest impregnant quantity 
of H2SO4 is as Zr(SO4)2 crystal form, which is absorbing water and losing SO42- 
group easily. Therefore, the solid superacid SO42-/ZrO2 can be prepared by 
improving the calcining temperature to stable SO42- groups. And the SO42-/ZrO2 
solid superacid which exist main crystal form as Zr(SO4)2 doped by a little ZrO2 
crystal form has the strong acid strength and higher catalytic activity. When the 
calcining temperature was further increased, the content of Zr(SO4)2 decreased. 
The catalytic activity of SO42-/ZrO2 solid superacid as tetragonal crystal form of 
ZrO2 is reduced owing to the decreas of sulphur content. The solid superacid 
SO42-/ZrO2 as monoclinic crystal of ZrO2 show very low catalytic activity. 
3. The formation model of superacid SO42-/ZrO2 has been established. After the 
precursor Zr(OH)4 was impregnated with sulfuric acid, the ions of sulfuric acid 
would bind to the non-bridging hydroxyl groups on the surface of precursor to 
produce the superacid SO42-/ZrO2 with more Bronsted acid position. 
4. In the open-system and closed-system, the industry reaction route was proposed 
by using SO42-/ZrO2 as catalyst, glycerol as esterifying agent, the mixture oil 
system of lauric acid and soybean oil for esterification, ratio of alcohol and oil as 
6.67:1 and the amount of catalyst as 1wt% of the whole mixture in 140℃ and 
atmospheric pressure . The catalytic activity of the SO42-/ZrO2 solid superacid is 
closed to the concentrated sulfuric acid system, even as well as the concentrated 
sulfuric acid. 
5. In the closed system, the high catalytic activity is achieved in the mixture oil 
system of oleic acid and soybean oil when solid superacid SO42-/ZrO2 was used as 
catalyst, n-butanol as azeotropic agent in the conditions of 140 ℃  and 















be applied for the design of new technological processes and industrial 
production. 
 















第一章  绪论 
1.1 引言 







其 20 世纪 90 年代绿色化学的概念的提出，人们开始研究开发一系列的无污染，
环境友好，活性更高的新型固体酸催化剂，例如固体超强酸，纳米尺度和介孔尺
度的催化剂（如微孔分子筛，介孔分子筛等），新型结构的杂多酸等。 
     一个固体酸，通常可以认为是一种能使碱性指示剂变色，或者使碱发生化
学吸附的固体[1]。按照布朗特和路易斯的定义：固体酸具有给出质子或接收电子
对的倾向。严格地说，固体酸分为两种类型，一种是 Bronsted 酸（简称 B 酸或
质子酸），一种是 lewis 酸（简称 L 酸），能够给出质子的物质称为 Bronsted 酸，
能够接受电子对的物质称为 Lewis 酸。一般上，固体酸多数为 L 酸或者同时具有
B 酸、L 酸。到目前为止，开发出来的固体酸大致可分为九类[1,2]： 
 
表 1.1 固体酸的分类 
Table 1.1 The classify of solid acids 
 
固载化液体酸 H2SO4, H3PO4,H3BO3 负载在 SiO2 ,Al2O3，石英砂，硅藻土上 
氧化物 简单：Al2O3,SiO2, B2O3, Nb2O5 复合：Al2O3/SiO2, B2O3/Al2O3, 
ZrO2/SiO2, SnO/SiO2 
硫化物 CdS, ZnS,CaS 
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